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Abstract— This paper evaluates the Doherty power amplifier 
architecture in terms of linearity, efficiency and design solutions. 
As case study four different prototypes are presented, one for 4G 
Picocells at 2.1 GHz, one for WiMax applications at 3.5 GHz and 
two for point-to-point microwave backhaul radiolinks at 7 GHz. 
Experimental results together with design guidelines are 
discussed addressing strengths and weaknesses of the Doherty 
architecture. 
Index Terms—Doherty Amplifier, Efficiency, Linearity, Load 
Microwave link, Modulation, WCDMA, WiMax 
 
I. INTRODUCTION 
The increasing demand of high data rate services of modern 
wireless communication standards has affected the transmitter 
architecture. Spectral efficient communication standards have 
been introduced like the Code Division Multiple Access 
(CDMA), or the Orthogonal Frequency Division Multiplexing 
(OFDM). This has led to the revamping of topologies and 
architectural solutions able to fit the new scenario. From the 
Power Amplifiers (PAs) standpoint, the linearity and 
efficiency at back off have become the most important 
characteristics. Among the available solutions, one of the most 
adopted is today the Doherty Power Amplifier (DPA), both for 
handset and base station transmitters [1]-[3]. In the last few 
years it has been extensively studied and many solutions and 
innovations have been proposed [4]-[15]. For instance, 
outstanding performances have been obtained by properly 
controlling the higher harmonics [2]-[7]. Solutions for size 
reduction and to allow MMIC realization, even at lower 
frequencies, have been showed as well [5]. Besides, new 
circuit topologies have been proposed to improve DPA 
features such as: DPA with dual-band capabilities [8], DPA 
with a series-connected load [9], digitally driven dual-input 
DPA [10] and inverted DPA [12].  
In this paper, an experimental evaluation of the Doherty 
linearity vs. efficiency trade-off is shown. As a case study, 
three designs are discussed: a 4G Picocell DPA at 2.1 GHz, a 
WiMax DPA at 3.5 GHz and a microwave backhaul radiolink 
DPA at 7 GHz.  
II. DOHERTY PRINCIPLE OF OPERATION 
As it is shown in Fig. 1, two amplifiers generally identified 
as Main and Auxiliary, an input splitter and a properly 
designed output combiner compose the classical DPA 
architecture.  
 
Fig. 1: Classical DPA schematic. 
Independently on how these two passive networks are 
implemented, the DPA behavior as a function of the input 
power can be divided into two regions: the Doherty region, 
when both amplifiers are turned on, and back-off, when only 
the Main is active. The resulting efficiency behavior is 
characterized by two peaks with a high-efficiency region in 
the middle, as reported in Fig. 2.  
 
Fig. 2: Typical DPA efficiency behaviour. 
Precisely, the first peak (1 in Fig. 2) occurs when the Main 
device reaches the maximum voltage swing across its drain 
terminal, while the Auxiliary amplifier is still off. The input 
power level, at which the Main amplifier reaches this 
operating condition, is usually referred as the DPA break 
point. The second peak (2 in Fig. 2) occurs when both 
devices reach the maximum voltage swing at their drain 
terminals. The high efficiency region in between η1 and η2 is 
commonly referred as the output back-off (OBO) of the DPA.  
Thanks to its efficiency versus output power behavior, the 
DPA represents a suitable candidate to realize amplification 
stages in systems working with time varying envelope signals. 
In fact, to maximize the instantaneous efficiency of the 
transmitter, the OBO of the DPA can be tuned according to 
the peak-to-average-power-ratio (PAPR) of the input signal. 
Besides the OBO value, other basic requirements of the DPA 
are: the RF carrier frequency (f0), the peak output power level 
(Psat) to be transmitted, and the required bandwidth (BW).  
In order to obtain high efficiency levels in the OBO range, 
proper and accurate output loading conditions for both 
amplifiers at break and saturation have to be fulfilled. These 
loading conditions, RM and RA for Main and Auxiliary 
respectively, can be computed accounting for the design 
requirements and the active devices characteristics [16][17]: 
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where VDD is the drain bias voltage and Vk is the device knee 
voltage, assumed to be the same for both devices. The 
parameter α is related to the OBO (defined in decibels) by: 
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Once f0, Psat, BW, OBO, VDD and Vk have been evaluated, 
the output combiner and the input splitter of the DPA, together 
with the Main and Auxiliary matching networks, can be 
designed. 
The output combiner ensures the correct loading conditions 
(1)-(3) in the entire BW. In the same frequency range, the 
input splitter has to assure the right splitting factor between 
the Main and Auxiliary devices. Moreover, both input/output 
splitter/combiner have to be tuned to allow the in-phase sum 
of the active devices’ currents at the external termination 
(usually 50 ). Finally, the matching networks are required to 
compensate the parasitic elements of the active devices and, 
thus, to relax the requirements of the DPA splitter/combiner 
networks in the entire BW. A final remark on the fact that the 
passive networks have also to enforce the unconditional 
stability of the system. 
III. DOHERTY FOR 4G PICOCELL BASE STATIONS 
Nowadays, smart-phones combine more advanced 
computing capability and connectivity than “old mobile 
handsets”, including features that are typical of personal 
computers. Therefore, mobile operators have to build network 
infrastructures to allow a fast and efficient mobile data 
exchange everywhere worldwide. In this scenario, picocell 
base stations for developing 4th generation (4G) networks are 
gaining traction [18]. Picocells are small versions of base 
stations, thus, they have to face the technical challenges of the 
4G standard in terms of linearity and occupied bandwidth but 
with smaller footprint and lower output power level. 
Therefore, the efficiency and linearity trade-off in presence of 
high PAPR signals is a key aspect as well, and above all, in 
picocell base stations where power supply resources are 
limited. On the other hand, to fulfill a full interoperability 
within different standards, high performing PAs covering 
several RF bands represents a new frontier [19]. Hence, the 
search for novel solutions to implement wideband and/or 
multi-bands DPAs is becoming a key topic. 
Here we discuss an original technique to improve the DPA 
efficiency versus frequency response [20]. The proposed 
approach is based on a different output-combining network. It 
is similar to a symmetrical branch-line with the fourth port in 
open circuit. If compared with a conventional approach, the 
novel combiner allows synthesizing an almost constant load 
for the Main device in a wider frequency range [21]. As a 
result, the DPA efficiency is less sensitive of frequency. The 
theoretical treatment of the novel output combiner is reported 
in [21], while a picture of the realized hybrid prototype is 
shown in Fig. 3. It is a 6 dB OBO DPA with 15% BW 
centered at 2.1 GHz and a saturated output power of 42 dBm. 
The used active device for both Main and Auxiliary amplifiers 
is a commercial 8W GaN HEMT (Cree CGH60008D). 
 
 
Fig. 3: Picture of the DPA for picocell base stations.  
The passive networks were realized on a commercial 
substrate: Roger Duroid 5880. The drain bias voltage was set 
to 28-V for both PAs. The value of the optimum output 
resistance of the active device resulted to be ROPT=45. 6 , 
was inferred by performing Harmonic Balance simulations. 
Consequently, due to the 6 dB OBO, the output combiner has 
been designed to synthesize RM@sat= RA@sat = ROPT at the 
saturation and RM@sat =2·ROPT=91.2  at 6-dB back-off power 
level. Thus, the characteristic impedances of the four /4-TLs 
of the branch-line have been selected to fulfill such specifics 
resulting in ZHorizontal=36.6  and ZVertical=54.1  [21].  
Then, the Main and Auxiliary input matching networks, 
(IMNs) were designed. In this case, the same network was 
adopted for both devices. Finally, the uneven input power 
splitter (IPS) was designed to fulfill the required power-
splitting ratio [17]. A branch-line coupler was adopted since it 
intrinsically allows the compensation of the 90° phase 
between the two amplifier's paths and shows a satisfactory 
bandwidth behavior. Moreover, it was designed to perform the 
input load transformation from 30  to 50 , as well. 
The quiescent current of the Main has been set to 20 mA 
(deep class AB) and the gate bias voltage of the Auxiliary 
(class C) has been adjusted to turn on at the 6 dB back-off 
power level. The active devices were connected to the passive 
networks by using three bond wires for each connection. 
Fig. 4 shows the measured continuous wave performances 
versus frequency at the saturation (Pin=33dBm) and at 6-dB 
back-off (Pin=27dBm). As one can note, an efficiency in the 
range 65-51% has been registered for output power of 42–
36.5-dBm and within the band 1.95 to 2.25 GHz.  
 
Fig. 4: Measured continuous wave performances vs. frequency. 
The DPA has also been tested by using different complex 
signals. For instance, Fig. 5 shows the measured low and high 
adjacent channel power ratio (ACPRH/L), efficiency, and gain 
behaviors as a function of the average output power when a 
3GPP signal with 5.4-dB PAPR and 5-MHz video bandwidth 
around 2.1 GHz is used.  
 
Fig. 5: DPA measured performances under 5-MHz 3GPP driving signal. 
At 38 dBm of average output power, the average efficiency 
is around 50% with ACPRH/L values lower than -35 dBc 
without any predistortion. The related measured normalized 
output power spectrum is reported in Fig. 6. In order to further 
improve the linearity of the proposed architecture, a memory 
polynomial digital predistortion (DPD) function has been 
extracted from the real input-output measurements of the DPA 
[22][23]. The implemented function is similar to the one 
proposed in [24] with third and fifth order of memory depth 
and nonlinearity, respectively. The linearized spectrum is 
reported in Fig. 6 for comparison with the original one. As can 
be noted, DPD provides a substantial linearity improvement.  
In particular, 10 dBc ACPRH/L improvement has been 
observed with final values lower than -45 dBc. 
 
Fig. 6: DPA measured output power spectrum with 5-MHz 3GPP driving 
signal, before and after DPD. 
IV. DOHERTY FOR WIMAX APPLICATIONS 
WiMAX base-stations adopt, for the downlink channel, 
orthogonal frequency division multiplexing, which results in 
high-dynamic signals with large spectrum and high PAPR. As 
mentioned before, the DPA is well suited for realizing the PA 
in this scenario. In this particular realization designed for 
3.5GHz WiMAX, a 2nd harmonic tuning design strategy for 
the main stage has been employed, while the auxiliary unit 
implements a class C power module. The adopted device is 
the CGH40010 from Cree inc., a packaged GaN HEMT on 
SiC with typical 10 W of POUT,1dB in C-band, at a drain bias of 
28V. With respect to tuned load approach [7], 2nd harmonic 
tuning allows the increasing of the fundamental drain voltage 
swing with respect of a class B amplifier [7]. The output 
power can therefore be increased of √2 times with respect to 
the tuned load case, positively affecting also the efficiency.  
Thanks to their high breakdown voltage, GaN devices can 
implement this solution without decreasing the bias voltage of 
the device. 
The strategy requires the optimization of the 2nd harmonic 
load termination (the 3rd harmonic is shorted), and the 
properly shaping of the input driving voltage (to adjust phase 
relations of the harmonics).  
We applied the 2nd harmonic tuning to the main stage of the 
DPA, focusing on the performances optimization at the DPA 
break point, in order to maximize the efficiency in presence of 
a modulated signal. This has been obtained through careful 
non-linear simulations.  
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The main stage optimum load has resulted Ropt=42 . The 
output matching network includes a λ/4 impedance 
transformer, while another λ/4 line has been inserted to match 
the external 50  load. Broad-band unconditional stability has 
been enforced inserting RC networks at the input of both Main 
and Auxiliary cells. The fabricated amplifier has been 
mounted on a brass carrier, see Fig. 7. 
The experimental characterization with CW single tone 
excitation at 3.5GHz [25] showed a satisfactory agreement 
between measurements and simulations, see Fig. 8, with 
measured drain efficiency higher than 55 % in a 6 dB OBO, 
together with a remarkably flat behavior. 
 
  
Fig. 7: Picture of the DPA for WiMax applications. 
 
 
Fig. 8: DPA performances at 3.5 GHz CW driving signal. Gain (blue) and 
efficiency (red). Measurements (symbols) and simulations (solid lines). 
The amplifier has been tested and linearized adopting a 
realistic WiMaX signal, with 7 MHz bandwidth and 9 dB of 
PAPR. The DPD has been designed through indirect learning 
approach adopting a Memory Polynomial (MP) scheme. 
As evidenced in Fig. 9, DPD insertion allows to comply 
with the specifications of the standard, while the original 
spectrum exceeds the mask limits. 
The shown spectra have been measured with an average 
output power of 34.2 dBm corresponding to 9 dB back-off 
with respect to the amplifier maximum power. The resulting 
average drain efficiency is around 40 %, corresponding to a 
PAE of 36 %. 
 
Fig. 9: Normalized output spectrum of the PA with (blue) and without (red) 
DPD, together with the WiMAX emission mask (black) 
 
V. DOHERTY FOR MICROWAVE BACKHAUL LINK  
The constant growth of services in mobile communications, 
such as web browsing, fast exchange of files and streaming 
video, is asking for an extremely high data transfer within 
each node of the global network. In this framework, backhaul 
links have to take part to the overall system evolution to avoid 
a bottleneck. Even if fiber optic backhaul links represent the 
preferable solution in terms of data transfer capability, 
microwave backhaul links still maintain their attractiveness 
for sites where the fiber optic approach cannot be exploited or 
efficiently implemented [26]. High data transfer on microwave 
physical layer can be achieved by using advanced signal-
processing techniques that maximize the useful channel 
bandwidth. On the other hand, the adoption of sophisticated 
modulation schemes, e.g. high-order (256-, 512-, 1024-) QAM 
modulations, enables high data transfer rate, but also requires 
high linearity and efficiency transmitter units to correctly 
handle the high PAPR signals. Also in this scenario, the DPA 
can represent a suitable solution, above all when realized 
using GaN technology.  
Here, we discuss two GaN MMIC DPAs for 7 GHz 
backhaul link infrastructures designed adopting two different 
strategies. The microscope pictures of the realized chips are 
shown in Fig. 10. The design of the MMIC in Fig. 10a) 
(DPA1) is based on an asymmetrical class AB-C DPA solution 
[16][17]. The first design step is the identification of Main and 
Auxiliary device sizes. According to [27], if the DPA has 7 dB 
of OBO, the periphery ratio between Auxiliary and Main 
device must be around 2.6. Considering a drain bias voltage of 
28V, the 4x100 μm and 10x100 μm devices have been 
adopted for Main and Auxiliary stages, respectively. 
 
a) 
 
b) 
Fig. 10: Microscope pictures of the GaN MMIC DPAs for backhaul links 
The former was biased in class AB (VGG;M = -3.2V, ID;M = 
40 mA), while the latter in deep class C (VGG,A=-6:5 V) 
conditions. Conversely, in the design of the MMIC in Fig. 
10b) (DPA2), a nonlinear driver stage is integrated in the 
Auxiliary branch to achieve a higher gain [28]. Moreover, a 
larger total periphery has been adopted to achieve a slightly 
greater output power than that one of DPA1. In this case, 
6x100 μm and 6x160 μm devices for Main and Auxiliary 
amplifiers were used, respectively. The Main was biased in 
class AB (VGG;M = -3:5V, ID;M = 43 mA) while the Auxiliary 
in class B (VGG;A = -4 V). Same gate periphery (6x100 μm) 
has been chosen for Main and Driver devices to ensure similar 
input load conditions for both DPA branches. Finally, the 
Driver was biased in class C (VGG;D = -4.6 V) to assure the 
proper turning on condition of the Auxiliary branch. 
The CW frequency behavior of the measured output power 
and efficiency at 3 dB of compression (a) and 7 dB of back-off 
(b), respectively, are reported in Fig. 11 [29].  
 
 
a) b) 
Fig. 11: Frequency behavior at 3 dB of gain compression (a) and at 7 dB of 
power back-off (b). 
Results demonstrate an extremely flat output power 
behavior in 15% of bandwidth (6.35 GHz - 7.35 GHz) for the 
DPA2, while in the entire bandwidth, a drain efficiency (PAE) 
higher than 40% (34%) at 7 dB of OBO has been registered. 
Conversely, the DPA1 shows higher back-off efficiency, if 
compared with the DPA2, in a 4% bandwidth around the 
center frequency, even if it exhibits rather fast degradation vs. 
frequency. 
To evaluate the linearity performance of the two DPAs, 
system level analysis has been carried out, based on measured 
AM-AM and AM-PM static behaviours. The DPAs are tested 
with a signal with 56MHz channels spacing and 313 Mbit/s 
capacity, whose spectrum emission mask is represented in Fig. 
12. The DPAs, driven at average output power of 29 dBm (8 
dB of OBO), show spectra slightly out-of-specification, but 
the needed linearity is expected to be recovered by the 
adoption of baseband predistortion [22][23]. 
 
 
Fig. 12: Simulated spectrum from 29 dBm 256QAM signal generated from 
static AM/AM + AM/PM measurements at 7 GHz for DPA1 (green) and 
DPA2 (blue), compared to ETSI spectrum emission mask (orange dashed 
line). 
VI. CONCLUSION 
In this contribution, the Doherty PA design topology is 
shortly reviewed highlighting its key design steps. Three real 
field case study implementations are presented and discussed: 
4G picocell systems, WiMax base stations and microwave 
backhaul links. The feasibility and the performance achievable 
by adopting the Doherty architecture are demonstrated. 
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